INTRODUCTION {#sec1-1}
============

Several non-cardiac drugs have the liability of unanticipated morbidity and mortality associated with adverse cardiac events.\[[@ref1]\] This risk is often associated with the development of prolongation of QT, early after depolarization (EAD), and subsequently development of Torsade de pointes (TdP). Increase in QT interval usually occurs with the drugs, which have the potential to block the potassium channels and inhibit the delayed rectifier potassium current (I~Kr~) leading to early after depolarization.\[[@ref2]\] Therefore, it has become mandatory to screen the new chemical entity for its potential to block the I~Kr~ channels before first time administration in human.\[[@ref3]\] However, there are clinical evidences that TdP may also develop in the absence of QT interval prolongation.\[[@ref4]\] Therefore, the battery of *in vitro*, *ex vivo* and *in vivo* preclinical assays is required to assess the proarrhythmic potential of new chemical entities (NCEs). Over recent years numbers of *in vivo* and *ex vivo* models have been developed to predict TdP in humans.\[[@ref5]\]

Reported dataset showed that not only the class III antiarrhythmic drugs but non-cardiac drugs like antihistamine (terfenadine), antimalarials (halofantrine) and antibiotics (sparfloxacin, moxifloxacin, erythromycin and telithromycin) are also associated with proarrhythmic liabilities.\[[@ref6]--[@ref9]\] Antimalarial drug, chloroquine, is known for its cardiovascular effects as it blocks I~k1~, I~kr~, I~Na~ and I~Ca~-~L~. These findings provide the cellular mechanism for the prolonged action potentials and reduction in V~max~ of cardiac action potentials.\[[@ref10]\] However, there is a lack of information available about possibility of chloroquine to cause TdP. The present study was conducted to evaluate the proarrhythmic potential of chloroquine in *in vivo* rabbit model of arrhythmia and *ex vivo* model using clofilium as a standard proarrhythmic drug; a class III antiarrhythmic agent for the validation of both the models.

MATERIALS AND METHODS {#sec1-2}
=====================

Drugs {#sec2-1}
-----

The following drugs were used: Clofilium tosylate (Alexis Biochemicals, Switzerland), chloroquine phosphate (Ranbaxy Research Laboratories, Gurgaon), hydroxy-β-cyclodextrine (Roquette, France), methoxamine HCl, propranolol hydrochloride, acetylcholine chloride (ACh chloride) and α-chloralose (Sigma Chemicals, St. Louis, MO, USA), and pentobarbitone sodium (LOBA Chemie, Mumbai, India). Pentobarbitone sodium, clofilium tosylate, methoxamine hydrochloride and chloroquine phosphate were dissolved in normal saline. α-chloralose solution was prepared in 3% hydroxy-β-cyclodextrine solution; 10 μM clofilium tosylate, 10 μM propranolol hydrochloride, 0.6 μM of methoxamine hydrochloride, 0.6 μM ACh chloride and 300 μM chloroquine phosphate solutions were prepared in filtered 1 mM modified Krebs-Henseleit solution.

Animals {#sec2-2}
-------

New Zealand white rabbits weighing 1.5 to 2.5 kg (*n* = 30) were used in this study. The animals were handled according to protocol approved by Institutional Animal Ethics Committee (IAEC) and Standard Operating Procedures (SOPs), Ranbaxy Research Laboratories, Gurgaon, India. The method and number of animals employed to the study comply with ethical care and use of animal and was duly approved by IAEC.

Experimental protocol {#sec2-3}
---------------------

### In vivo model -- α~1~ adrenoceptor methoxamine stimulated anesthetized rabbit {#sec3-1}

After sedation with pentobarbitone sodium (45 mg/kg i.v.), rabbits were anesthetized with α-chloralose at the dose of 100 mg/kg with the continuous infusion rate of 1 ml/min/kg into the left marginal ear vein. Tracheotomy was performed to control the respiration with ventilator (Columbus instruments, model CIV 101, USA). Respiratory rate and tidal volume were set at 40 strokes/min and 7 ml/kg, respectively. The animal body temperature was maintained at 36 to 38^o^C with DC Temperature Control Module (Stoelting model 40-90-8C, USA). The right femoral artery was cannulated for monitoring the blood pressure using Biopac MP100 Data Acquisition Unit (Biopac Systems, Inc., Santa Barbara, CA, USA). Both the ear veins were cannulated with 25 G × 3/4" infusion set. All catheters inserted in blood vessels were filled with heparinized saline (100 IU/ml). After stabilization for approximately 30 min, baseline measurement for heart rate (HR), mean arterial blood pressure (MBP) and electrocardiogram (ECG; lead II) parameters were recorded. Thereafter, methoxamine (15 μg/kg/min, 2 ml/kg/hour) was administered intravenously through right marginal ear vein up to 40 min through infusion pump. After 10 min of methoxamine administration, rabbits (6/group) were intravenously infused with normal saline (Group I) or clofilium 3 mg/kg (Group II) or chloroquine 21 mg/kg (Group III) for 30 min at the rate of 0.1 ml/kg/min. Methoxamine was continued simultaneously with the vehicle or clofilium or chloroquine throughout the experiment and animal was observed up to 1 hour.\[[@ref11]--[@ref13]\]

### Langendorff isolated rabbit heart ex vivo model {#sec3-2}

The animals were divided into two groups of six animals each: Group I were administered methoxamine, ACh chloride, propranolol and clofilium (10 μM/0.9 ml/min); group II were administered methoxamine, ACh chloride, propranolol and chloroquine (300 μM/0.9 ml/min). Rabbits were injected sodium heparin (1000 IU/kg i.v.) and stunned by a blow to the neck. Hearts were excised via midsternal thoracotomy and immediately immersed in modified Krebs-Henseleit (KH) solution containing (in mM) NaCl 112.0, KCl 2.0, D-Glucose 11.5, NaHCO~3~ 25.0, MgSO~4~ 0.2, CaCl~2~ 2.4 and KH~2~ PO~4~ 1.0. Heart was mounted on the Langendorff isolated heart system (Model LF/01 Experimetria Ltd, Budapest, Hungary) and was retrogradely perfused with peristaltic pump (Harvard) at constant pressure (80 mmHg) with the modified Krebs-Henseleit buffer solution warmed to 37°C. A mixture of 95% O~2~ and 5% CO~2~ was bubbled through the buffer, which was equilibrated to pH 7.4. Heart was allowed to equilibrate for 20 min before baseline recording of HR and ECG (Lead II). After baseline recording, ACh chloride (0.6 μM/0.5 ml/min), methoxamine (0.6 μM/0.5 ml/min) and propranolol (10 μM/0.5 ml/min) were continuously infused throughout the experiment. After 10 min of methoxamine, ACh chloride and propranolol infusion, clofilium (10 μM/0.9 ml/min) or chloroquine (300 μM/0.9 ml/min) was infused for 30 min or until TdP occurred.\[[@ref14]\]

### Observation of different stages of arrhythmia and analysis {#sec3-3}

AcqKnowledge 3.9.0 software (BIOPAC Inc, Goleta, CA) and SPEL Advanced Haemosys software 2.45 (Experimetria Ltd. and Logirex Software Laboratory, Budapest, Hungary) were used to analyze the ECG waveforms of *in vivo* and *ex vivo* models, respectively.

ECG parameters were measured at different time points before and after methoxamine, clofilium or chloroquine administration. HR, RR and QT interval were measured for both the models by manual positioning on screen markers. Further QT interval was corrected by using Carlson formula (*in vivo* model) and Bazette, Fredericia and Van de water (*ex vivo* model). Additional parameters *viz*. MBP and PR interval were measured only for *in vivo* model. The QT interval was measured from the onset of Q wave to the end of T wave. Where the T or U wave overlapped the following *P* wave or the QRS complex of the subsequent sinus beat, interval was measured up to the end of U wave.\[[@ref15]\] Premature ventricular contractions (PVC), ventricular tachycardia (VT), TdP, ventricular fibrillation (VF) and atrioventricular (AV) blocks were recorded as ECG changes. TdP was considered to occur when four or more closely coupled repetitive ventricular premature contractions with twisting of QRS complex were observed.\[[@ref16]\]

Statistics {#sec2-4}
----------

The effect of clofilium and chloroquine was evaluated separately in both the models. The percentage incidences of the various arrhythmias of each group were calculated. QT intervals were corrected for HR changes using the following formula: QTc Carlson (QTcC) = (QT-0.175)^\*^RR-300 for *in vivo* model, QTcBazett (QTcB) = QT/square root RR interval, QTcFredericia (QTcF) = QT/cube root of RR interval and QTc Van de water (QTcV) = QT-0.087 (RR-1) for *ex vivo* model. MBP was calculated as 2/3 \[systolic BP-diastolic BP\] + diastolic BP. Data were expressed as mean ± SEM after subjecting to D'Agostino and Pearson omnibus normality test. After passing the normality test, Student\'s *t*-tests for paired and unpaired data was used for comparison with the baseline and vehicle, respectively at 5% and 1% level of significance using PC SAS 9.1.3 (SAS Institute Inc., Cary, NC).

RESULTS {#sec1-3}
=======

*In vivo* anesthetized rabbit model {#sec2-5}
-----------------------------------

### Effect on hemodynamics and electrocardiogram parameters {#sec3-4}

Effect of methoxamine administration on HR, MBP and QTc interval before administration of saline or clofilium or chloroquine are shown in \[[Table 1](#T1){ref-type="table"}\]. After 10 min of methoxamine administration, HR decreased significantly by 6.7% to 15.2% among the treated groups and MBP was found to increase significantly by 29% to 68%. Clofilium had no effect on MBP up to 30 min while chloroquine showed significant elevation in MBP at 5 min by 22.5% with the subsequent decrease up to 15 min. Progressive decrease in HR was found in saline (17.5%), clofilium (61%) and chloroquine (63%) group up to 30 min as compared to 10 min methoxamine infusion \[[Table 2](#T2){ref-type="table"}\].

###### 

Effect of methoxamine on mean blood pressure, heart rate, QT and corrected QT in anesthetized methoxamine sensitized rabbits

![](JPP-4-116-g001)

###### 

Effect of chloroquine and clofilium on PR interval, mean blood pressure and HR in anesthetized methoxamine sensitized rabbits

![](JPP-4-116-g002)

The effect of clofilium and chloroquine on ECG parameters as compared to 10 min methoxamine infusion and vehicle are shown in [Table 2](#T2){ref-type="table"} and [Table 3](#T3){ref-type="table"}. Clofilium did not induce significant effect on PR interval during its infusion up to 30 min whereas RR interval, QT and QTc by Carlson were found to be significantly increased up to 30 min. Maximum increase in QT and QTcC was 53% and 42%, respectively as compared to vehicle. Chloroquine significantly prolonged QT and QTc up to 15 min. Maximum increase in QT and QTcC was 44% and 35%, respectively as compared to vehicle. Conduction disturbances observed after 30 min of clofilium and chloroquine administration prevented measurement of ECG parameters in 3 out of 6 rabbits. Administration of saline did not produce any changes in ECG of the control group.

###### 

Effect of chloroquine and clofilium on RR, QT and QTc interval in anesthetized methoxamine sensitized rabbits

![](JPP-4-116-g003)

### Arrhythmia incidences and onset times {#sec3-5}

A marked increase in arrhythmic activity with greater incidences of PVC, VT and TdP was observed in 4 out of 6 animals in clofilium-treated group. Infusion of chloroquine produced I and II degree AV block and VF but failed to cause VT or TdP in any of the 6 animals tested. Most arrhythmias occurred within 20 min of infusion of the compounds. Incidences and types of arrhythmias after administration of clofilium or chloroquine are showed in [Figure 1](#F1){ref-type="fig"} and [Table 4](#T4){ref-type="table"}.

![Incidences of arrhythmia in rabbit *in-vivo* model where clofilium treated animals showed PVC, II AV Block, VT and TdP while chloroquine treated animals showed PVC, I AV block, II AV Block and VF. (a) Normal sinus rhythm. (b) Atrioventricular (AV) block.(c) Premature ventricular contractions. (d) Ventricular tachycardia (e) Torsade De Pointes (TdP). (f) Ventricular Fibrillation (VF)](JPP-4-116-g004){#F1}

###### 

Percentage of occurrence of arrhythmias in different groups in anesthetized, methoxamine sensitized rabbits

![](JPP-4-116-g005)

On an average the onset time for PVC in clofilium group was 5.50 ± 2.08 min after its administration at dose of 0.55 ± 0.21 mg/kg and in chloroquine group it was 18.0 ± 1.12 min at the dose of 12.6 ± 0.78 mg/kg. The average onset time for occurrence of VT in clofilium group was 10.00 ± 2.13 min at the dose of 1.00 ± 0.21 mg/kg and TdP was exhibited in 50% of the animals with the average onset time of 14 to 25 min at the dose of 1.4 mg/kg to 2.5 mg/kg. There were no incidences of VT and TdP found in chloroquine group while occurrence of VF was 83.33% with an average onset time of 31.67 ± 2.93 min at the dose of 22.52 ± 2.31 mg/kg.

Langendorff isolated rabbit heart *ex vivo* model effect on ECG and heart rate {#sec2-6}
------------------------------------------------------------------------------

Effect on ECG parameters and HR is shown in Tables [5](#T5){ref-type="table"} and [6](#T6){ref-type="table"}. No arrhythmic incidences were observed after combined infusion of methoxamine, ACh chloride and propranolol; only a slight reduction in HR (3-5%) and non-significant increase in QTc were seen in both the groups. Clofilium and chloroquine induced progressive time-dependent decrease in mean HR by 19.5% and 12.7%, while increase in RR was by 16.9% and 14%, respectively. Both the drugs were associated with significant increase in QT and QTc at 10 min of drug infusion as compared to 10 min methoxamine, ACh chloride and propranolol infusion.

###### 

Effect of methoxamine, ACh chloride, propranolol and clofilium on ECG parameters on isolated rabbit hearts

![](JPP-4-116-g006)

###### 

Effect of methoxamine, ACh chloride, propranolol HCl and chloroquine on ECG parameters on isolated rabbit hearts

![](JPP-4-116-g007)

Arrhythmia incidences {#sec2-7}
---------------------

The ECG changes initiated with QT interval prolongation followed by T wave alteration. Ectopic beats and EAD were found before initiation of TdP. None of the heart showed any type of arrhythmic incidences during baseline recording \[[Figure 2a](#F2){ref-type="fig"}\]. Incidence of premature ventricular contraction (PVC) was observed in 5 out of 6 clofilium-treated hearts with an average onset time of 24-28 min, whereas it was 4 out of 6 hearts in chloroquine-treated group with an average onset time of 15-20 min \[[Figure 2b](#F2){ref-type="fig"}, [Table 4](#T4){ref-type="table"}\]. Infusion of clofilium and chloroquine produced VT, II and III degree AV block and incidence of TdP without the occurrence of VF as shown in Figures [2c](#F2){ref-type="fig"}-[f](#F2){ref-type="fig"}. In the presence of methoxamine, ACh chloride and propranolol, clofilium elicited TdP in 66.67% and chloroquine in 33.33% treated hearts with an average onset time between 55-65 min and 30-40 min, respectively.

![Incidences of arrhythmia in rabbit *ex vivo* model where clofilium and chloroquine treated animals showed PVC, II and III AV Block, VT and TdP (a) Normal sinus rhythm. (b) Premature ventricular contractions. (c) Ventricular tachycardia (VT). (d) 2^rnd^ Degree Atrioventricular (AV) block. (e) 3^rd^ Degree Atrioventricular (AV) block. (f) Torsade De Pointes (TdP)](JPP-4-116-g008){#F2}

DISCUSSION {#sec1-4}
==========

In the present study, *in vivo* and *ex vivo* animal models of arrhythmia were used to assess the potential of chloroquine to cause arrhythmia and TdP. Animal models used in the present study are well accepted, inexpensive, easily accessible, reproducible and sensitive for mechanistic evaluation of proarrhythmic activity. Moreover, these models provided important insights into the etiology of TdP and systematic applications of these models contributed to the risk assessment of non-antiarrhythmic and antiarrhythmic agents. Rational for the use of rabbit in these models was the presence of high density of IKr channels, making this species more sensitive for proarrhythmic potential. Studies in sheep ventricular muscle and purkinje fibers, demonstrated that chloroquine prolongs the action potential duration and refractory period. This is usually attributed to block of K^+^ currents contributing to the excessive prolongation of QT interval and conduction disturbances.\[[@ref17]\] The present study described that administration of chloroquine during α~1~ stimulation resulted in arrhythmia in both the models.

Effect of anesthesia {#sec2-8}
--------------------

In the present study pentobarbitone sodium, a short- to intermediate-acting barbiturate used as induction anesthesia and α-chloralose was used to produce non-recoverable long-acting anesthesia throughout the experiment. The proarrhythmogenic potential of anesthetics has been reported by many researchers and therefore the type of anesthesia used may affect development of TdP in experimental animals. Vincze, *et al*.\[[@ref18]\] reported that the model of TdP induction with dofetilide in rabbits succeeded cent percent when chloralose alone was used as anesthetic whereas success rate of this model with pentobarbitone sodium and propofol was only 40% and 70%, respectively. Contradictory to this, Carlsson *et al*.;\[[@ref11]\] White *et al*.\[[@ref19]\] and Orth, *et al*.\[[@ref20]\] reported the incidence of clofilium-induced TdP in pentobarbitone anesthetized rabbits was close to 100% while in our experiment it was 50%. Reduction in TdP percentage in our experiment may be attributed to the action of pentobarbitone, which homogeneously prolongs the duration of the action potential of the canine endocardium, epicardium than the midmyocardium. This significantly reduces the ability of the repolarization prolonging drugs to increase transmural dispersion of repolarization.\[[@ref21]\]

Effect of methoxamine {#sec2-9}
---------------------

Methoxamine is a α~1~ adrenoreceptor agonist that causes vasoconstriction and reflex bradycardia by modulating the levels of intracellular inositol triphosphate and diacylglycerol resulting in an increased release of Ca^++^ in the sarcoplasmic reticulum.\[[@ref22][@ref23]\] Intracellular Ca^++^ rise elicit instability of Ca^++^ and membrane potential during the EADs may convert the heart to TdP.\[[@ref24]\] Buchanan *et al*.\[[@ref13]\] observed increase in blood pressure and decrease in HR after 15 min of methoxamine infusion. Our observations of increase in blood pressure and decrease in HR in *in vivo* model were in line with the reported findings.

In *ex vivo* model, methoxamine alone failing to produce bradycardia and/or TdP in our preliminary experiments when used with clofilium is in accordance with the previous reported studies.\[[@ref14][@ref25]\] D'Alonzo *et al*.\[[@ref14]\] studied the combined effect of methoxamine, ACh and nadolol on the ability of dofetilide to elicit TdP. HR was reduced by 7% following ACh and methoxamine treatment. The addition of β-adrenoceptor antagonist (nadolol) caused a further reduction of 6% in HR. The combination of ACh, methoxamine and nadolol with dofetilide developed TdP in 100% of hearts. Acetylcholine induced slowing of HR by increasing conductance through acetylcholine-sensitive potassium channels and stimulation of muscaranic M~2~ receptors, which is associated with increases in inositol triphosphate responsible for increase in intracellular calcium concentration. The ability of β-adrenoceptor antagonist to enhance the proarrhythmic action of drugs in combination of ACh and methoxamine may be explained by further reduction of HR along with elevated calcium level and decreased current of slow component of the delayed rectifier activity, which leads to further generation of TdP more easily.\[[@ref14]\] Therefore, combinations of ACh chloride, non-selective beta blocker propranolol along with methoxamine were used to produce bradycardia and/or TdP in our experiment, which further sensitized the hearts to develop TdP in clofilium and chloroquine treated heart.

Effect of chloroquine and clofilium in *in vivo* and *ex vivo* model {#sec2-10}
--------------------------------------------------------------------

Chloroquine, at therapeutic concentration is known to produce different cardiovascular effects such as fall in blood pressure, slowing of ventricular conduction and ECG changes such as lengthening of QRS, QT interval and AV blocks.\[[@ref10][@ref26]\] It also decreased V~max~, prolonged action potential duration (APD) and decreased maximum diastolic potential in cat isolated purkinje fibers and ventricular myocytes.\[[@ref11]\] Chloroquine increased cyclic GMP level in the smooth muscle cells by inducing nitric oxide (NO) synthesis.\[[@ref27]\] Nitric oxide diffuses to nearby smooth muscle cells in which it stimulates the soluble guanylate cyclase resulting in enhanced synthesis of cyclic GMP. This increase in cyclic GMP in the smooth muscle cells leads to their relaxation and reduced the blood pressure.\[[@ref28]\] The finding in our study is in accordance with reported data as chloroquine caused decrease in blood pressure and HR in both the models.

Chloroquine is known for cardiac rhythm abnormalities,\[[@ref29]\] which were reflected in *in vivo* experiment in the form of QT prolongation, PVC, VF and AV block, which further leads to mortality in all the animals. However except VF, TdP was observed along with other ECG abnormalities in *ex vivo* model. Inhibition of inward rectifying potassium current I~K1~ \> (I~Kr~)\> (I~Na~)\> (I~Ca-L~) mainly blockade of rapid component of the delayed rectifying outward current I~Kr~ but not the slow component I~Ks~. It is clear that these events precede cardiac rhythm abnormalities of chloroquine.\[[@ref10]\]

The positive control clofilium in the present study showed occurrence of conduction abnormality along with TdP in both the models. It is explained by blocking activity of clofilium toward I~Kr~, I~Ks~ and I~to~ channels, which further leads to prolong QT interval, prolong APD, lower HR and cardiac repolarization.\[[@ref30]\]

CONCLUSION {#sec1-5}
==========

Our study has provided the evidence that chloroquine phosphate, a non-cardiac, antimalarial drug, evokes arrhythmia in the presence of α~1~ adrenoceptor stimulation in anesthetized rabbit *in vivo* model and Langendorff isolated heart rabbit *ex vivo* model. Results indicate that rabbits treated with clofilium and chloroquine displayed several forms of arrhythmia in both the models. This raises the need to evaluate the proarrhythmic potential of non-cardiac drugs also for the pharmaceuticals in the development of safer drugs. The results demonstrated that both the models were efficient in exhibiting the proarrhythmic changes; hence, this is value addition for better predictions and risk assessment of arrhythmias in human beings.
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